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Abstract 
Specially prepared polymer track membranes were used as matrixes for the fabrication of nanosize metal wires. Nanowires of 
magnetic metals (Co, Ni and Fe) were prepared by electrodeposition into the pores. The nanowires properties and their 
dependence on electrodeposition conditions were investigated by XRD and Mossbauer spectroscopy. The specific features of 
electrodeposition process into nanosize pores are also shown. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 26ICNTS. 
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1. Introduction 
The matrix synthesis is known as one of the most perspective ways of production of nanomaterials. The main 
idea of this technique is to fill the pores of specially prepared matrix with required material. The matrixes, materials 
and filling modes may be different. The advantage of the track membrane use as a porous matrix is the possibility to 
control main geometric parameters of porous system both at the stage of radiation on virgin film and at the stage of 
track chemical etching – Martin (1994). It should be mentioned that commercially available track membranes, 
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created especially for fine filtration, are not suitable for template synthesis: they have too high pores density and 
random orientation of pores channels. So, specially prepared matrixes are needed for synthesis. 
It is possible to fill the pores with various materials, but metals are the most prospective. Metal electrodeposition 
is a well-studied technological process, but its use for the nano-size channels needs additional research.  
In our first papers, the preparation of template matrixes with conical pores and production of metal micro- and 
nanowires (NWs) on their base have been described in Oleinikov et al. (1994) and Oleinikov et al. (2008). It was 
also shown that specimens with ensembles of free-standing NWs (both of conical and cylindrical shape) could be 
used as a substrate for the deposition of the probe for subsequent investigation by mass-spectrometry- see Oleinikov 
et al. (2008) and Zagorskiy et al. (2009). These experiments were done using copper and silver NWs.  
The magnetic materials – Co, Ni and Fe – are promising for obtaining of NWs that could be used in new devices 
for high-density information storage, as small-size magnetoresistive and magneto-optical devices and as sensors 
(Lupu, 2010). Prepared in this way NWs are of great scientific interest due to the possibility to vary their geometry 
on nanometer scale. Electrochemical process also creates wide conditions to control the parameters of the replicas. 
2. Experiments Matrix synthesis 
The matrixes were specially prepared for synthesis: PET films (thickness 10 μm) were irradiated with swift heavy 
ions (Xe or Ar, energy 1-2 MeV/nucl - JINR, Dubna) with the fluence 106 – 107 ions per cm2 strictly perpendicular 
to the film surface. The etching time was chosen for obtaining the pores with diameters 100, 200, 300 and 500 nm. 
Electrodeposition of Co, Ni and Fe was carried out from solutions of sulfates of corresponding metals with some 
additives (Table 1) at constant measured potential in three-electrode cell (with the reference electrode). For different 
matrixes the chronoamperograms (I-t curves, i.e., the dependence of current on deposition time) were obtained. The 
deposition of Fe was carried out with pulsing agitation to remove gas bubbles and make NWs growth more uniform. 
Chronoamperograms for the electrodeposition of Co, Ni and Fe NWs are shown at Figs. 1. As described in many 
previous works, each part of the curve corresponds to the particular phase of the metal growth. 
For all metals studied we found the effect of decreasing deposition rate at the initial stage inside the pores, and the 
increase at the final stage of filling. Possibly there is competition of two processes: gradual decreasing of pore depth 
(unfilled part) and electrolyte concentration decrease owing to slow ion transport into narrow channels. This effect 
depends on pores diameter and the electrode potential. It might be also related with the role of pore walls (roughness 
and hydrophilicity), which must be greater for nano-size channels. 
 
a    b   c   d  
Fig. 1. I-t curves for the deposition of cobalt into the pores of template matrixes with diameters of 500 nm (a) and 100 nm (b). Deposition 
potentials: 1: -680 mV, 2: -630 mV, 3: -580 mV, 4: -555 mV, 5: -530 mV, 6: -505 mV.(Part of these results were published in our paper 
Korotkov et al.(2011)). I-t curves for the deposition of Ni (c) and Fe (d) into the pores of template matrixes with different diameters (500 nm for 
nickel and 200 nm for iron). Deposition potentials, for Ni: 1, -700 mV; 2, -600 mV; 3, -550 mV; 4, -500 mV, for Fe: signed at picture. 
We found that current increase (at the last stage) is not proportional to the increasing cathode surface area: while 
the surface area becomes about 20 times larger after the filling of pores with metal, the current value increases only 
by 3-5 times. This effect depends on electrode potential and doesn’t depend on pores diameter. Possible explanation 
is the shift of the cathode potential in the positive direction due to increased value of ohmic voltage drop in the 
solution in the vicinity of the cathode. Electrical resistance of the solution should be taken into consideration to 
explain this phenomenon. So, metal deposition inside the pores proceeds at more negative potentials and, therefore, 
at higher rates rather than one on a plane surface which takes place at more positive potentials, i.e., at lower rates. 
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3. Structure investigations 
In most papers devoted to the structure of magnetic NWs POA (porous oxide aluminum) matrixes were used. Our 
measurements were performed for Co, Ni and Fe samples obtained on the base of PET TM.  
Structure was investigated using synchrotron source (“Belok” station of the Synchrotron Centre in Kurchatov 
Institute, λ=0.09811 nm). Measurements technique is described by Sulyanov (1994). The results are given in Fig. 2. 
 
Fig. 2. X-ray patterns of Co, Ni and Fe samples grown at different potentials: (left) Co; (middle) Ni: 1: -550 mV, 2: -750 mV and 3 – control 
specimen (deposition of Ni on flat surface); (right) Fe: 1: -750 mV, 2: -900 mV, 3: -1050 mV and 4 – control specimen. 
The patterns contain peaks of both the substrate (copper) and the metal deposited into the pores. For the iron 
samples an increase of the deposition voltage leads to the decrease of the iron peaks intensity; for the highest voltage 
(-1050 mV, pattern 3 in Fig.2 -right) iron peaks were not detected. For nickel specimens the trend is the same 
(patterns 2 and 3 in Fig.3-middle), but the effect is not so significant. The cubic cell parameters are: a =2.8657(6) Å 
for Fe and a =3.5246(2) Å for Ni, respectively. We have found that Co peaks correspond to hexagonal structure. The 
peak positions were determined by pseudo-Voigt function fitting. DICVOL program was used to calculate cell 
parameters. They are a = 2.5066(7) Å, c = 4.072(2) Å. 
4. Mossbauer spectroscopy 
Mossbauer spectroscopy was used for template-synthesized iron NWs before (for ex. Chen et al. (2002)), but 
mostly grown in the POA matrixes. We investigated Fe NWs grown inside the 100 nm pores in PET film under 
different potentials from -600 to -1050 mV. The Mössbauer absorption spectra on 57Fe nuclei were recorded at room 
temperature on a standard MS-1104 Em spectrometer in the constant acceleration mode with mobile source 
57Co(Rd) of γ-quanta. 
In the first case we have a only one clear magnetic sextet with the peak intensities ratio 3:2:1:1:2:3. (Fig.3a). This 
ratio is typical for the polycrystalline or powder pure α-Fe sample with disoriented domains magnetization without 
any texture. Increasing of deposition potential leads to the change of the peaks intensity ratio- for second sample it 
was 3 : 0.9 : 1 : 0.9 : 1 : 3 (Fig. 3b). This result most probably indicates that the orientation of the iron magnetic 
moments in this sample changed. Well known (Preston et al. (1962)) that in the six-line Mössbauer spectrum the 
relative intensity I2,5 of the second and fifth lines (corresponding to the nuclear transitions with Δm = 0) is 
determined by the expression I2,5= 4 sin2θ/(1+cos2θ), where θ is the angle between the magnetic moment M and the 
wave vector of the gamma rays kγ. Using this formula we can estimate the preferred orientation of the iron 
magnetization - the angle θ ≈37°. 
The same effect for iron NWs (grown in the porous aluminum oxide (POA) matrix with regular pores  (diameter 
20 nm) and inter-pores distance 60 nm ) was found by Zhan et al. (2004). This effect was explained by dipole 
magnetic interaction between the parallel neighboring wires. In our samples NWs are formed in the pores of TM and 
located in the matrix irregularly at the average distance about 1 mcm from each other. So, we suppose that 
appearance of magnetization with perfect orientation does not connected with dipole interaction, but due to the 
features of the growing process. In the Mossbauer spectra of the third sample (Fig.4c) the lines intensity ratio is 
3:2:1:1:2:3 –which indicate the random orientation of the iron moments. Additional low intensive paramagnetic 
doublets (D1 and D2) probably corresponded to small quantity of the undefined iron compounds. Computer analysis 
shown that parameters of D1 are analogous to the data obtained for electrodeposited CuFe alloys low iron content 
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(Campbell (1972)) and parameters of D2 doublet are close to the same of CuFe alloy with with fcc lattice and high 
iron content (more than 70%) (Verma (2006)). For the fourth sample (the highest overvoltage-1050 mV) there is 
only weak doublet without any magnetic components corresponding to crystalline iron. 
 
Fig. 3. Mossbauer spectra for the samples grown at: a). 600 mV b). 750 mV c). 900 mV. 
The Mossbauer measurement results agree with X-ray structure data for the Fe. At low voltage the perfect iron 
crystalline wires grow, at higher voltage they form with magnetic anisotropy and then impurities of iron compounds 
appear. Our results proved that complete filling the pores with iron is impossible at potential lower than -1000 mV. 
Conclusions 
The electrodeposition of magnetic metals into the pores of polymer matrix and formation of NWs was 
investigated. The effect of non-linearity was found and explained by competition of two factors- diffusion limitation 
(dominate at the first stage) and changing of the ratio of filled and unfilled parts of the pore. The decreasing of 
current density when metal begin to grow outside the pore was also measured and explained by the shift of cathode 
potential. It was shown that Mossbauer spectra of Fe samples depends on growing condition of NWs: for slow 
deposition samples have sextet typical for pure non-oriented iron without texture. The increase of voltage (and 
therefore the acceleration of the process) leads to appearance of magnetic orientation and then- to including of 
impurities to MWs. These data correlate with XRD. 
Acknowledgments 
This work was supported by Grants RFBR 13-08-01448. XRD experiment was supported by Ministry of 
Education and Science (grant 14.619.21.0002). We are also thankful to Dr. P. Yu. Apel (JINR, Dubna) 
References 
Martin C.R., 1994. Nanomaterials: A membrane –based synthetic approach. Science 266 1961-1065. 
Oleinikov V.A., Tolmachyova Yu.V., Berezkin V.V., Vilensky A.I., Mchedhshvili B.V., 1995. Radiation Measurements 25 (N1-N4), 713-716.  
Oleinikov V.A., Zagorski D.L., Bedin S.A., Volosnikov A.A., Emelyanov P.A., Kozmin Y.P., Mchedlishvili B.V., 2008.  The study of the 
desorption/ionization from the replicas of etched ion tracks. Radiation Measurements 43, 635-638. 
Zagorskiy D.L., Bedin S.A., Oleinikov V.A., Polyakov N.B., Rybalko O.G., Mchedlishvili B.V., 2009. Metallic microwires obtained as replicas of 
etched ion tracks in polymer matrixes: microscopy and emission properties. Radiation measurements  44(N9-10), 1123-1128. 
Lupu N., Electrodeposited Nanowires and their Applications. InTech, 2010 
Korotkov V.V., Kudravtsev V., Zagorskiy D., Bedin S., 2011. Electrodeposition of cobalt in micro- and nano-sized pores of polymer ion-track 
membranes. Electroplating and Surface Treatment, XIX, N 4, 23-28. 
Sulyanov S.N, Popov A.N., Kheiker D.M., 1994. Using a two-dimensional detector for X-ray powder diffractometry. J. Appl. Cryst., 27, 934-942. 
Chen Z., Zhan O., Xue D., Li F., Zhou X., Kunkel H., Williams G., 2002. Moessbauer study of Fe-Co nanowires. J. Phys.: Condens. Matter 14, 
613–620. 
Preston R. S., Hanna S. S., Heberle J., 1962.Mossbauer effect in metallic iron. Phys. Rev. 128, 2207-2218. 
Campbell S. J., Clark P. E., Liddell P. R., 1972. Distribution of Nearest Neighbour Atoms in CuFe Alloys J. Phys. F: Met. Phys. 2, L114. 
Verma H. C., 2007. Mössbauer studies of CuFe-72% alloy. Ind. J. Pure Appl. Phys. 45, 851. 
Zboril R., Mashlan M., Barcova K., Vujtek M., 2002. Thermally induced solid-state syntheses of γ-Fe2O3 nanoparticles and their transformation 
to α-Fe2O3 via ε-Fe2O3. Hyperfine Interactions, 139/140, 597-606 
